Whole-plant carbon balance comprises diurnal fluctuations of photosynthetic carbon gain and respiratory losses, as well as partitioning of assimilates between phototrophic and heterotrophic organs. Because it is difficult to access, the root system is frequently neglected in growth models, or its metabolism is rated based on generalizations from other organs. Here, whole-plant cuvettes were used for investigating totalplant carbon exchange with the environment over full diurnal cycles. Dynamics of primary metabolism and diurnally resolved phloem exudation profiles, as proxy of assimilate transport, were combined to obtain a full picture of resource allocation. This uncovered a strong impact of periodicity of inter-organ transport on the efficiency of carbon gain. While a sinusoidal fluctuation of the transport rate, with minor diel deflections, minimized respiratory losses in Arabidopsis wild-type plants, triangular or rectangular patterns of transport, found in mutants defective in either starch or sucrose metabolism, increased root respiration at the end or beginning of the day, respectively. Power spectral density and cross-correlation analysis revealed that only the rate of starch synthesis was strictly correlated to the rate of net photosynthesis in wild-type, while in a sucrose-phosphate synthase mutant (spsa1), this applied also to carboxylate synthesis, serving as an alternative carbon pool. In the starchless mutant of plastidial phospho-gluco mutase (pgm), none of these rates, but concentrations of sucrose and glucose in the root, followed the pattern of photosynthesis, indicating direct transduction of shoot sugar levels to the root. The results demonstrate that starch metabolism alone is insufficient to buffer diurnal fluctuations of carbon exchange.
INTRODUCTION
Resource allocation in plants not only directs inter-organ relations, but must also account for the diurnal succession of photoautotrophic and heterotrophic metabolism in the green organs. While much is known about diel carbon dynamics in aerial organs (Pyl et al., 2012; Sulpice et al., 2014; K€ olling et al., 2015; Pilkington et al., 2015) , data for the root system and long-distance transport are scarce, because they are difficult to obtain. In the present study, we used hydroponically grown plants to compile wholeplant carbon balance, assimilate transport and dynamics of primary metabolites. Hydroponics offer the advantage that fine roots and root hairs are not lost during sampling, and that reliable data for gas exchange of the root system can be obtained simultaneously with shoot gas exchange measurements for a single plant (Brauner et al., 2014) . In addition, water and nutrient supply, which strongly affect allocation (Poorter et al., 2012) , can be kept largely constant over the entire plant life cycle.
Adjustment of diurnal metabolite turnover in leaves to periodicity of the light regime not only affects total carbon gain (Stitt and Zeeman, 2012) , but also shapes the diel pattern of leaf as well as root growth, as revealed by video imaging techniques: volume gain of leaves and roots is maximal in the morning hours, declines over the day and remains low in young leaves during night hours (Wiese et al., 2007) , while it resumes overnight in the root system . This raises the question of how inter-organ assimilate allocation is organized. Shipley and Meziane (2002) presented evidence for 'balanced growth' that directs assimilates preferentially to the organ capturing a limiting external resource, being either carbon or water and nutrients. However, support has also been given to a predominance of the shoot in controlling sugar export (Farrar and Jones, 2000; Brauner et al., 2014) .
Inter-organ relations are strongly influenced by diurnal dynamics of metabolism. In an environment with fluctuating light intensities, plants have to provide a carbon store in order to sustain the night. The importance of starch as carbon store has been emphasized in various growth models (Pyl et al., 2012; Pal et al., 2013; Sulpice et al., 2014; Apelt et al., 2015; Ishihara et al., 2015; Pilkington et al., 2015) , and Arabidopsis mutants defective in starch accumulation due to a loss of plastidial phosphogluco-mutase (pgm) not only show strongly reduced growth (Caspar et al., 1985) , but also an altered diel pattern of biomass formation (Apelt et al., 2015; Ishihara et al., 2015; Pilkington et al., 2015) . This holds true especially for the root system, where growth ceases during the night because of carbon starvation . Sucrose feeding abolishes this growth cessation during the night, thus emphasizing the importance of sucrose as the major inter-organ transport form of assimilates. Nevertheless, phloem transport of amino acids may contribute to sink supply to a variable extent, depending on environmental and developmental conditions (Chia et al., 2000; Santiago and Tegeder, 2016) .
In the knockout mutant of the dominant isoform of sucrose-phosphate synthase, SPSA1, sucrose metabolism is limited, thus causing high levels of starch to accumulate during the day when triose-phosphate production in plastids exceeds the capacity for sucrose formation (Sun et al., 2011; Volkert et al., 2014) . Thus, spsa1 and pgm mutants can be considered antipodes in the diversion of metabolites between sucrose (pgm) and starch (spsa1), and probably also in diurnal patterns of sink provision, being high in pgm during the day and high at night in spsa1, when the large starch reserves are utilized. We made use of these genotypes to study the impact of assimilate allocation to different carbon pools on assimilate transport and wholeplant carbon balance.
For the latter, we used a recently developed cuvette that allows simultaneous measurement of CO 2 exchange of shoot and root of the same individual plant (Brauner et al., 2014) . Because this device captures the carbon balance of whole shoots and roots, it cannot discriminate mature and young leaves. Instead, the vegetative shoot is taken as a composite source organ, while the root represents the sole sink. It is thus not possible to investigate competition between individual sink organs, nor can respiratory activity in the shoot be assigned to either growth or maintenance. However, simultaneous recording of the CO 2 balance for shoot and root of the same plant enables compilation of whole-plant carbon exchange with its environment, and allows correlation of diurnal patterns of metabolites in shoots and roots with the carbon balance of individual organs as well as the entire plant.
Diurnally resolved metabolite profiles have been presented for leaves of Col-0 wild-type and the pgm mutant, investigating temperature effects (Pyl et al., 2012) , the impact of photoperiod length (Sulpice et al., 2014) and low carbon availability (Pilkington et al., 2015) , as well as the interaction with protein synthesis (Pal et al., 2013) . We expand these data sets by contrasting them with metabolite profiles for the spsa1 mutant. To give a holistic picture of the organism, we also present data for the root system. The most important advancement, however, is the correlation of these data with information on diurnal patterns of assimilate transport, which constitutes the link between sources and sinks.
Quantifying assimilate transport in an intact plant is a difficult task, because non-invasive techniques depend on the administration of tracer elements like 14 C (K€ olling et al.,
2013
) or 11 C (Minchin and Thorpe, 2003) that are usually provided as carbon dioxide and thus represent only the pool of recently fixed carbon. Repeated application of the short-lived 11 C isotope has been used to study sectoriality of assimilate transport in stems of oak trees (De Schepper et al., 2013) but, as explicitly outlined by Minchin and Thorpe (2003) , the method has limited use in the quantitative study of carbon export from leaves, because here processes are involved that have time axes of more than 10 h, and include storage and re-mobilization of various carbon pools that cannot be captured even with repeated administration of tracer elements. Therefore, we used ethylenediaminetetraacetic acid (EDTA)-facilitated phloem exudation to record diurnal profiles of phloem transport, because this method is independent of the metabolic origin of exuded carbon and can be applied over several hours (Tetyuk et al., 2013) . The technique has been criticized for possible contamination of the exudate from the cut petiole surface or toxic effects of the EDTA at higher concentrations (Pate, 1980; Turgeon and Wolf, 2009 ). However, as discussed by van Bel and Hess (2008) , claims regarding artefactual composition of phloem exudate are poorly documented, and toxic effects of EDTA at low concentrations of 2.5-5 mM occurred only in a few species.
Nevertheless, it must be considered that, while in exudation experiments, the actual amount of carbon exported from a leaf can be measured, phloem transport depends upon the rate of loading, the rate of unloading and the ability of sink tissues to absorb the transported carbon (Farrar and Jones, 2000) . In detached leaves, the latter two constraints are removed, leaving control solely to the rate of phloem loading. Thus, for quantitative assessment of assimilate transport it is necessary to verify whether phloem exudation rates comply with whole-plant carbon balance. To achieve this, we first tested whether net photosynthesis (NPS) and diurnal profiles of starch and soluble sugars of leaves attached to the plant or exuding into an EDTA solution are different. As this was not the case, we next recorded full diurnal profiles of carbon exudation from leaves and compared the data with diurnally resolved metabolite dynamics and CO 2 exchange rates of shoot and root. Only if turnover rates aligned could an organ-specific carbon balance be calculated.
Subsequently, we applied power spectral density analysis to extract information on periodicity of sugar and amino acid exudation. Periodicity of phloem transport was than cross-correlated with periodic information from photosynthesis, respiration and metabolite profiles from shoots and roots to track dynamics of resource allocation among carbon pools. Comparison of the data for Col-0, pgm and spsa1 allowed us to conclude that periodicity of phloem transport strongly influences the efficiency of assimilate conversion into biomass, but does not control biomass allocation to different organs.
RESULTS

Photosynthesis and carbohydrate profiles in intact plants and leaves during exudation experiments
To verify faithful representation of carbon exchange in plant-attached leaves by exudation experiments, NPS was recorded in Col-0 wild-type plants over 8 h of illumination, which was the maximal duration of exudation experiments. NPS during the illumination period was 41.2 AE 3.2 lmol C h À1 gFW
À1
for intact plants and 39.6 AE 6.6 lmol C h À1 gFW À1 for detached leaves during the exudation experiment. For both types of leaves, soluble sugars and starch levels were determined before and after the illumination period, and values were compared in an ANOVA testing for the effects of leaf type and time point. Neither for sugars nor for starch could effects of leaf type be identified (Table S1 ). We thus conclude that EDTA-facilitated phloem exudation did not interfere with carbon gain and allocation, thus allowing us to consider phloem exudation as a proxy for assimilate transport.
Organ-specific carbon balance and long-distance transport of assimilates
In order to compile an organ-specific carbon balance for whole plants, we conducted parallel measurements of shoot and root CO 2 exchange in a whole-plant cuvette that separates shoot and root of a hydroponically grown plant in individual compartments, for which gas exchange can be recorded over full diurnal cycles (Brauner et al., 2014) . In a growth chamber with 16 h light per day at constant intensity, shoots of all plants showed a rectangular pattern of CO 2 uptake and release (Figure 1a ), while root respiration displayed genotype-specific diurnal patterns. In the Col-0 wild-type, root respiration was almost constant over the day, while knockout mutants of plastidial phosphoglucomutase (pgm) and sucrose-phosphate synthase A1 (spsa1) showed time-dependent dynamics with higher respiration rates in total (Figure 1b ). Root respiration of pgm increased during the light period and started to decrease soon after the beginning of the night. In contrast, root respiration of spsa1 was maximal during morning hours and decreased constantly over the day. Integrating CO 2 uptake and release over full diurnal cycles revealed significant genotype effects (P < 0.05) for total NPS as well as root respiration ( Table 1 ). The spsa1 mutant had the highest and pgm the lowest NPS. While no difference in shoot respiration was detected for Col-0 and spsa1, it was significantly lower in pgm (P < 0.05). The significantly elevated root respiration of spsa1 plants completely consumed the surplus in shoot NPS, resulting in a daily total carbon gain equal to wild-type. This was reflected in equivalent total-plant fresh weights 6 weeks post-germination. Low total carbon gain of pgm, and therefore its low fresh weight, resulted from a combination of high root respiration and low NPS.
Assimilate transport was assessed in a staggered phloem exudation experiment with mature leaves in six consecutive sections of 4 h to span full diurnal cycles. Thus, time discrete mean values of assimilate transport were recorded for each 4-h interval. It should be noted that exudation from mature leaves comprises transport to the root as well as to young growing leaves, which are included in the shoot fraction in our experiments. Thus, leaf exudation exceeds transport to the root. However, because the root system made up about one-third of the plants, while young leaves contribute a rather small portion of rosette biomass (Ishihara et al., 2015) , the sink capacity of young leaves is distinctly smaller than that of the root: using 14 CO 2 labeling, K€ olling et al. (2015) showed that already 2 h into the day, transport to young leaves is below 10% of NPS and further declines over the light period. Figure 2 shows the diurnal pattern of phloem exudation in the three genotypes analyzed. Assimilate export was not exclusively constituted by sucrose, but comprised substantial amounts of amino acids, especially in the case of pgm (Figure 2f ). While the contribution of amino acids to total assimilate export was similar for Col-0 and spsa1, these genotypes most notably differed in transport patterns, with spsa1 transporting significantly more carbon at the beginning of the night (P < 0.05). In total, the shoot of Col-0 exported less carbon within 24 h as compared with spsa1 (P < 0.05; Table 1 ). Phloem exudation of carboxylic acids was below detection limits, i.e. below 0.05 lmol h À1 gFW À1 at all time points. This is a clear indication of tissue integrity, considering that possible tissue damage at higher EDTA concentrations would result in the appearance of unexpected compounds in exudates (King and Zeevaart, 1974; Turgeon and Wolf, 2009) .
Partitioning between carbon pools, transport and biomass formation
With the gas exchange and phloem exudation data, organspecific carbon balance over a full diurnal cycle was calculated for shoots and roots (Table 2 ). Shoot carbon gain was taken as CO 2 uptake subtracted by respiration and exudation. Root structural carbon gain was calculated analogously with phloem exudation as input, subtracted by root respiration. As mentioned above, these calculations are subject to an error of up to 10% because of intra-shoot assimilate transport. For Col-0 and spsa1 theoretical rootshoot ratios calculated from organ-specific carbon gain perfectly matched those measured for over 40 individual plants per genotype, thus proving the reliability of the calculations. However, for pgm the daily integral of phloem exudation reached a value of 508 lmol C gFW À1 , i.e. 1.4-fold the level of wild-type, while NPS amounted to only 76% of the level in Col-0. This would result in a root-shoot ratio larger than 1 for pgm, while the measured value was 0.38. Obviously, measured phloem exudation from detached leaves was higher than could have occurred in the intact plant. Because theoretical and experimental values did not conform in pgm, calculations of organ-specific C gain were not conducted for this genotype. The reason for the discrepancy in the pgm mutant is discussed below. Allocation of carbon to different metabolic pools is demonstrated in Figure 3 (starch for Col-0 and spsa1 given in Figure 1c ). For Col-0 and spsa1, starch was the most significant carbon pool, while pgm accumulated large amounts of soluble sugars, as was previously shown by others. We also recorded levels of hexose phosphates over the diurnal course in shoots and roots ( Figure S2 ). Hexose phosphates in the shoot peaked in the morning in Col-0 and then leveled off until the end of the night, while they were highest in the afternoon for pgm. Dynamics were low for spsa1 with the lowest concentration at light-off, but an elevated concentration during the night. Roots showed patterns very similar to shoots in all three genotypes, indicating tight synchronization of shoot and root sugar metabolism. Interestingly, spsa1 displayed elevated levels of malic and fumaric acid and higher turnover in the shoot, while in pgm carboxylates were elevated in roots during the second half of the day, but not in shoots. Citrate followed trends opposing those of malate and fumarate with a tendency of stronger deflections in pgm. Carboxylate dynamics in roots had much smaller amplitudes, questioning significance as carbon stores. Similar results were obtained for soluble sugars, except for pgm: in this genotype, dynamics in the root system closely followed those of the shoot at about half the amplitude, thus demonstrating a close dependence of root supply on shoot metabolite levels.
Over a full diurnal cycle metabolite turnover was balanced, i.e. starting values were reached after 24 h. Thus, organ-specific carbon allocation rates over 24 h could be calculated from carbon exchange, metabolite dynamics and assimilate transport for Col-0 and spsa1. Allocations to biomass formation, storage, exudation and respiration as percentage of available carbon were calculated for shoots ( Figure 4a ) and roots ( Figure 4b ). NPS was taken as carbon source for shoots during the day, and stored metabolites during the night. For the roots, phloem exudation was considered as carbon input. During daytime, 48% of assimilated C (527 lmol C gFW À1 ) was deposited as structural carbon in Col-0 shoot, while the remainder was shared equally between phloem exudation and storage metabolites. Exudation was similar in spsa1, but storage was 42% (476 lmol C gFW À1 ), and thus biomass gain was only 34%
of assimilated carbon during daytime. A diurnally resolved scheme of biomass formation for Col-0 and spsa1 is presented in Figure S1 . In both genotypes, maximal shoot structural carbon gain occurred at the beginning of the light period. However, while Col-0 outperformed spsa1 at the end of the light period, spsa1 produced more biomass during the entire night. Root structural carbon formation patterns in both genotypes followed the exudation patterns, and thus Col-0 had its maximum in the middle of the light period, while spsa1 was almost constant over 16 h with a 4-h delay referring to the beginning of the light period.
Diurnal periodicity of transport and metabolism
To investigate, whether the diurnal exudation profiles shown in Figure 2 significantly deviated for the three genotypes, power spectral density analysis was applied to extract frequency information. This yielded periodograms showing frequency contributions of the base oscillation (one full period, 24 h), the first overtone (half period, 12 h) and the second overtone (one third of a period, 8 h), as shown in Figure 5 . If the wave forms of assimilate transport were purely stochastic, i.e. bearing no periodicity, periodograms would comprise equal amplitude heights for all frequency components. However, the waveform of normalized sugar exudation for Col-0 showed the strongest contribution of the base oscillation, while spsa1 had a large contribution by the first overtone and pgm by the second overtone (Figure 5a ). The observed patterns are clearly reminiscent of periodograms of three particular geometric functions: sinus in the case of Col-0, rectangle with a 2:1 edge length for spsa1 and isosceles triangle for pgm (Figure 5b ). For statistical analysis, a cross-correlation of the diurnal sucrose transport profiles with 700 different pure geometric functions was performed and, indeed, sucrose export of Col-0 correlated best with the sinusoidal pattern (q max = 0.94), spsa1 strictly correlated with a rectangle (q max = 0.99) and pgm with an isosceles triangle (q max = 0.99).
To analyze interactions of diurnal periodicity with metabolism in the three genotypes in more detail, cross-correlation analyses of all measured parameters, i.e. gas exchange, metabolite levels and phloem exudation, were performed. Cross-correlation focuses on patterns of changes rather than absolute values, and thus no normalization of data is required. Table 3 lists cross-correlations of reaction rates, while those of metabolite levels are compiled in Table 4 .
A strict correlation of the starch synthesis rate with NPS was obtained in Col-0 and spsa1 (q max > 0.95), confirming that the build-up of the main carbohydrate storage immediately follows the light-on/-off regime. In spsa1, malate and fumarate turnover were also closely correlated with NPS, and the same was true for tissue concentrations of starch and carboxylates, indicating that all three functioned as carbon store in this genotype. No correlations of metabolic rates with NPS existed in pgm, and in none of the genotypes existed a direct correlation of the exudation profile with metabolic rates. In spsa1, however, exudation was correlated to NPS, starch and malate rates with a time delay of 4 h (q max > 0.9), while root respiration correlated with exudation, again with a time delay of 4 h (q max > 0.95). This was the only correlation of root respiration found among the genotypes.
Rates of malate and fumarate turnover were correlated in all lines, but a negative correlation of rates and concentrations for citrate with the other two carboxylates was significant only in the wild-type, while in spsa1 only malate and citrate turnover were negatively correlated. Exclusively in this genotype, a significant correlation of fructose and glucose turnover was found, highlighting that sucrose hydrolysis is not determinative for hexose levels in the other genotypes. Rates for glucose in roots correlated with shoot rates in spsa1 and pgm, but not in the wild-type, while root and shoot rates for fructose and sucrose correlated only in pgm. In this genotype, concentrations of sugars in the root were correlated among themselves and with Net photosynthesis (NPS, uptake positive) and respiration (C release negative) are means AE SEM (n = 7). Values for total plant weight at harvest are means AE SEM (n = 35).
malate, thus reflecting the strong diurnal oscillations of carbon availability in pgm.
Only fructose patterns in shoot are genotype independent
For identification of genotype effects on metabolite patterns, a cross-correlation of metabolite concentrations and rates was performed across genotypes (Table S2) . Although values of CO 2 uptake rates differed for the genotypes, they all had a rectangular pattern, resulting from the immediate light dependence of photosynthesis. Thus, the input signal to the three systems was identical. However, only one metabolite, fructose, displayed a pattern that correlated among all three genotypes. Although fructose levels were strongly elevated in pgm shoots during the day, there was no difference in the diurnal profile of fructose dynamics among genotypes: fructose peaked at the beginning of the light period and was low during the rest of the diurnal cycle. 
DISCUSSION
Diurnal periodicity of metabolism and regulation of resource allocation
The diurnally resolved whole-plant carbon balance revealed significant differences in the pattern of resource allocation in Arabidopsis wild-type (Col-0) and mutants defective in either starch (pgm) or sucrose metabolism (spsa1). While Col-0 deposited structural carbon preferentially during the light phase, spsa1 made use of the massive starch reserves and outperformed the wild-type during the night. All three genotypes disclosed significant differences in root respiration, photosynthesis and nocturnal respiration in shoots. However, the ratio of assimilated carbon allocated to either shoot or root was remarkably constant, resulting in root/shoot ratios of about 0.37 in all genotypes. This might be taken in support of the 'balanced growth' hypothesis (Shipley and Meziane, 2002 ) that postulates approximation of an allocation ratio optimized for growth. According to this concept, high NPS should stimulate root growth, while low carbon assimilation rates would favor shoot growth. We have, however, shown that in the inv4 mutant, which is defective in vacuolar invertase, reduced NPS coincided with an even elevated root/shoot ratio, thus indicating that individual organ metabolic activity (e.g. reduced root respiration in inv4) may override balanced growth (Brauner et al., 2014) . Data presented here disclose another problem connected to the balanced growth hypothesis: what would be a good parameter to assess balance? Following the balanced growth concept, carbon starvation experienced by pgm every night (Gibon et al., 2004) should stimulate shoot growth at the expense of the root system. But instead, the very high sugar levels reached in pgm during the second half of the day appear to signal a sink limitation that counteracts the shoot privilege. A similar problem occurs in the spsa1 mutant, which is limited in sucrose turnover rates and accumulates high levels of starch. According to the balanced growth concept, high starch as well as elevated NPS should signal root limitation and trigger a rise in the root/shoot ratio. the morning or midday to assess transport to the root system, but because pre-existing sugar pools diluted the label at midday, calculated transport rates appeared to decline over the day, and 6 h after light-on they became insufficient for maintaining a root/shoot ratio of about 0.2-0.25 that is typical for Arabidopsis plants grown at the reported light intensity. After having established that EDTA-facilitated phloem exudation did not interfere with photosynthesis and carbohydrate metabolism, we used a staggered phloem exudation experiment to follow assimilate transport over a time frame of three consecutive days with 180 independent samples per genotype to achieve a 4-h resolution for assimilate transport over full diurnal cycles. This revealed that assimilate transport is not constant over the day, but followed a sinusoidal pattern in the Col-0 wildtype with maxima in the afternoon and minima at the end of the night. In the pgm mutant, this pattern was stretched to a doubled amplitude, thus creating a triangular transport pattern. This as well as the enhanced transport of amino acids in pgm affirms the buffering function of starch for sinksource relations that is already well documented (Stitt and Zeeman, 2012) . However, comparison with the transport pattern obtained for the spsa1 mutant that accumulated even larger amounts of starch than Col-0 revealed that starch alone is not sufficient to balance metabolism. In this mutant, assimilate transport rose sharply in the morning, remained high until the second half of the night, and then collapsed, although starch reserves were still twice the Shoot C gain was calculated by subtracting shoot respiration from NPS (see Table 1 ). Shoot biomass is C gain subtracted by export. Root BM gain is export subtracted by root respiration (see Table 1 ). wild-type level. The resulting rectangular transport pattern directly transduced the on/off scheme of illumination to sink-source interactions, although with a 4-h delay, thus resembling an almost unbuffered carbon metabolism despite a massive diel turnover of starch. Interestingly, both patterns resulted in increased root respiration. Because of the unaltered root/shoot ratio, increased root respiration in the mutants cannot be related to enhanced biomass formation, and therefore must be considered as a reduction in efficiency of assimilate conversion into biomass. There is strong evidence that sugar supply exceeding demand stimulates root respiration, following a time delay that is caused by slowly changing enzyme activities (Farrar and Jones, 2000) . This became visible in pgm already 4 h after light-on, when sugar levels rose steeply in the shoot and correspondingly in the root, reaching values more than twice the wild-type level. Stimulation of glycolysis by glucose has been demonstrated for potato tubers (Trethewey et al., 1999) , and re-allocation of glucose from cytosol to the vacuole reduced nocturnal respiration in Arabidopsis leaves (Wingenter et al., 2010) . However, for spsa1 this explanation does not apply: over a full diurnal cycle, glucose levels were not different from the wild-type, while sucrose was significantly reduced (F 1,75 = 7.27, P < 0.01). Low cytosolic sucrose levels were considered responsible for increased respiration in heterotrophic tissues of potato (Trethewey et al., 2001) and could explain high respiration in spsa1. However, this would not be compatible with high root respiration in pgm during the light phase. It should thus be considered that the reasons for elevated root respiration are different for spsa1 and pgm. Ferreira and Sonnewald (2012) pointed out that channeling of carbon to mitochondria could be causative for elevated respiration. The elevated TCA-cycle intermediates found in pgm roots especially during the second half of the day might explain high carbon loss in this mutant, although the mechanism of this channeling is unknown (Ferreira and Sonnewald, 2012) .
Malic acid Fumaric acid Citric acid Glucose Fructose Sucrose t o o R t o o h S t o o R t o o h S
Alternatively, the data can be interpreted as evidence for an inability of the root to quickly respond to changes in assimilate supply. The phloem transport patterns of pgm as well as spsa1 both deviate from the wild-type in that they create large deflections in transport: for pgm, the amplitude between minima and maxima is highest, while for spsa1 the day/night transitions cause very steep gradients in supply. have demonstrated that root growth in Arabidopsis responds only slowly to changes in external conditions that affect carbon supply and, because roots have very limited capacity for carbon storage, the large deflections in phloem exudation of pgm and spsa1 could only be compensated by elevated respiration. This may differ in species having large storage organs, for example potato tubers, where a surplus of assimilates could be stored as starch. In Arabidopsis, however, the sinusoidal transport pattern that dampens diel oscillations of phloem transport appears necessary to prevent high respiratory losses in the root system. Recent advances in live plant imaging allow 3D-and 4D-visualization of leaf and also root growth at diel resolution (von Wangenheim et al., 2016) . A combination of these techniques with gas exchange recordings may serve as a noninvasive alternative to phloem exudation measurements for investigating resource allocation in plants, and may help to resolve the question of over-supply of assimilates to the root.
The case of the pgm mutant
The most intriguing feature of the pgm mutant was the strong deviation of the root/shoot ratio calculated from phloem exudation experiments from that measured for over 40 individual plants. This was neither observed for Col-0 nor for spsa1, where experimental and theoretical data matched closely. While the latter corroborates the reliability of the exudation experiments, the excessive exudation from detached pgm leaves indicates loss of a restriction for assimilate transport that applied in the intact plant. As pointed out by Farrar and Jones (2000) , the turgor pressure gradient between loading and unloading sites of phloem conduits defines the transport rate. When loading is high because of high substrate availability, unloading could become limiting, and this limit would be overcome by detaching leaves that exude into an EDTA solution. Thus, phloem exudation of detached pgm leaves could by far exceed transport in the intact pgm plant. 
St, starch; MA, malic acid; FA, fumaric acid; CA, citric acid; Glc, glucose; Frc, fructose; Suc, sucrose. Net photosynthesis (NPS) in shoots and roots for Arabidopsis thaliana, accessions Col-0 (C), spsa1 (S) and pgm (P). Only those rates that show at least one significant correlation are shown. Bold letters depict q max > 0.95, otherwise q max > 0.9. Minus signs indicate negative correlations. Table 4 Cross-correlation analysis for metabolites (abbreviations as in Table 3 ) levels and NPS in shoots and roots for Arabidopsis thaliana, accessions Col-0 (C), spsa1 (S) and pgm (P)
Only those rates that show at least one significant correlation are shown. Bold letters depict q max > 0.95, otherwise q max > 0.9. Minus signs indicate negative correlations.
Nevertheless, also for pgm organ-specific carbon gain measured as NPS subtracted by respiration plus export in the shoot, and import minus respiration in root, was positive for each organ over full diurnal cycles, thus proving faithful capture of diel assimilate transport. Only when the carbon balance was separated into light and dark periods, a carbon lack in the shoot of about 120 lmol C gFW À1 occurred at night. Obviously, in intact pgm plants phloem loading was restricted by a sink limitation during the light phase, while it appeared source-limited in Col-0 and spsa1. Flooding of the pgm root over the day would reduce the turgor pressure gradient in the phloem, thus holding back assimilates that are transported in the first half of the night. In the exudation experiment, however, no restriction applied, and hence less carbon was available for transport during the night. This is in agreement with data reported by K€ olling et al. (2015), who showed that export of radiolabeled carbon from source leaves to young growing leaves was higher in pgm during the first 3 h of the day, and decreased significantly at 6 and 10 h into the light phase. At the same time, deposition of radiolabel into protein was much higher than in wild-type during the second half of the day. Obviously, sufficient carbon was available, but a sink limitation restricted transport. Similar conclusions were made by Schulze et al. (1994) , who found a strong increase in biomass formation in pgm after entering the reproductive growth phase, when sink capacity increased. Accordingly, root extension in pgm reaches its maximum in the afternoon, while Col-0 has its growth maximum in the first half of the day .
Cross-correlations in primary metabolism
Comparison of phloem exudation rates with root respiratory activity clearly showed that the efficiency of converting assimilates into biomass is not a constant but depended on the pattern of supply. Generally, the metabolic costs of biomass formation are subdivided into costs for growth and for maintenance. In a whole-plant growth model, Rasse and Tocquin (2006) inferred shoot maintenance and growth costs from respiration at the end and the beginning of the night, respectively. The same values per unit biomass were then adopted also for the root system. Even more simplified, Sulpice et al. (2014) used a constant of 0.2 to calculate respiration for growth from increments in biomass, while Feller et al. (2015) modeled respiration as a linear function of sugar concentration. Our data show that these approaches neglect the impact of different metabolite dynamics on resource allocation. To assess metabolic interactions in a diurnal environment, we used power spectral density estimation to extract frequency information suitable for cross-correlation analysis of metabolite dynamics. Besides expected correlations, for example NPS with the starch synthesis rate, or malate with fumarate concentrations, genotype-specific correlations became visible that shed light-on principles of resource allocation. For example, only in spsa1 could a correlation of shoot malate and fumarate synthesis rate with NPS be observed. Obviously, only at limiting sucrose turnover rates did carboxylates become a relevant sink for assimilates. It has been reported that fumarate turnover increases with light intensity and plant age (Chia et al., 2000) . Probably both parameters coincide with limiting SPS activity, as has been reported for aging tobacco leaves (Baxter et al., 2003) . No such correlation occurred for pgm, where storage of carboxylates would have been advantageous to sustain the night. Obviously the SPS activity in pgm was sufficient to process cytosolic hexose phosphates, and thus carboxylates did not accumulate to levels higher than in Col-0. Nevertheless, hexose phosphate levels were strongly elevated in pgm at midday, and this correlates with massive carboxylate accumulation in the shoot during the following 4 h. In spsa1, in contrast, hexose phosphates were higher during the night, when malate and fumarate as well as starch levels decreased and the route to sucrose was flooded. Considering the tight synchronization of shoot and root, this could explain the higher root respiration of spsa1 during the night.
Interestingly, malate levels in Col-0 roots were negatively correlated with those of malate and fumarate in the shoot. While this conforms to the absence of carboxylates in phloem exudates, it also points against a role of malate as storage metabolite in the roots at least in wild-type plants. In contrast, pgm roots displayed a correlation of soluble sugar levels among each other and also with malate. Sucrose and glucose in roots even correlated with NPS. This apparently indicates flooding of the roots with assimilates during active photosynthesis, followed by a starvation at night. Gibon et al. (2004) pointed out that a starvation effect extending from the end of the dark phase into the next day could be responsible for growth retardation of pgm, while we presented evidence that exaggerated root respiration slows down growth in pgm (Brauner et al., 2014) . The diurnal growth pattern of pgm roots is compatible with both concepts: a very low growth rate extends from the end of the night into the morning, and is followed by a growth rate higher than wild-type in the second half of the day .
The only metabolite that showed cross-correlation among the three genotypes was fructose in the shoot, where synthesis as well as concentration showed a peak in the early morning and a baseline for the rest of the diurnal cycle. Considering that fructose and glucose are released from sucrose by invertase cleavage in equimolar amounts, this was remarkable. Glucose showed contrasting trends for Col-0 and pgm between 10:00 hours and 14:00 hours, while sucrose dynamics were converse for Col-0 and spsa1 between light-on and afternoon. Obviously, neither substrate availability nor invertase activity are solely decisive for formation of the fructose peak. The striking pattern of a single distinct peak resembles a so-called Dirac impulse (Bracewell, 1999) , which is defined by an apparently infinite height and almost zero width. In signal-processing, such an impulse is used to initiate oscillation of a vibratory system. Although peak width in our experiments must be treated with caution because of the 4 h time resolution of the metabolite analysis, the fructose peak at early morning would be a perfect metabolic indicator of the beginning of the light period: via enhanced formation of hexose-phosphates that inhibit SnRK1, the fructose peak could remove a starvation signal and pave the metabolic route to sucrose formation (N€ agele and Weckwerth, 2014) . Fructose has been identified as a signal molecule in various contexts, for example in early seedling development (Cho and Yoo, 2011) , and in plant-pathogen interactions (Schulte and Bonas, 1992) . In signaling the beginning of the light period, fructose would be a perfect signal because of its general low baseline that provides an optimal signal-to-noise ratio. It has been shown that continuous feeding of sucrose is necessary for maintaining circadian signals in Arabidopsis in continuous darkness, especially when applied at subjective dawn (Dalchau et al., 2011) . In addition, sucrose transport from shoot to root was demonstrated to act as a signal that stimulated root growth during seedling development in Arabidopsis (Kircher and Schopfer, 2012) . Because cleavage of sucrose was not tested in these studies, direct or indirect effects cannot be distinguished at the moment. However, it is tempting to speculate that day/night-dependent release of fructose could be a transmitter of signals from the circadian clock or from shoot to root.
CONCLUSION
Analysis of whole-plant carbon exchange with the environment, metabolite dynamics and assimilate transport over full diurnal cycles revealed that sugar levels in shoot and root are not indicative of either source or sink limitation, and are insufficient to manage balanced growth. A sink limitation in the pgm mutant can be inferred from the discrepancy of phloem exudation from detached leaves and assimilate transport in intact plants, while conformity of these parameters points to a source limitation in Col-0 wild-type and the spsa1 mutant.
Large deflection in assimilate transport correlates with high respiratory losses in roots, and starch metabolism alone is insufficient to buffer these deflections. A tuned balance between sucrose and starch metabolism creates a sinusoidal assimilate transport pattern that optimizes carbon allocation to biomass production, while carboxylates are used as dynamic carbon storage pool only when SPS activity becomes limiting. A fructose peak in the early morning might be considered as a signal for the beginning of the light period.
EXPERIMENTAL PROCEDURES Plant growth
Arabidopsis thaliana (L.) Heynh (Brassicaceae), accession Col-0, and the knockout mutants of plastidial PGM (AT5G51820; TAIR stock CS3092) and SPS isoform A1 (AT5G20280; SALK_148643C) were grown in hydroponic culture as described earlier (Brauner et al., 2014) at 16 h light (160 lmol m À2 sec
À1
; 22°C)/8 h dark (16°C). Briefly, plants were sown into soil/vermiculite (1:1) and transferred to hydroponic tanks after 3 weeks under short-day (8 h light) conditions. After another 3 weeks, plants were transferred to long-day (16 h light) conditions, and experiments were carried out 2 weeks later, when plants were still in their vegetative phase.
Gas exchange measurement of shoot and root
Exchange rates for CO 2 were measured using a whole-plant cuvette with two separate chambers for shoot and root, as described earlier (Brauner et al., 2014) .
Phloem exudation
Over 5 days staggered exudation experiments were started every 4 h to investigate diurnal profiles of phloem transport. For each experiment, phloem exudates of six individual leaves were collected over a period of 8 h. Petioles were cut in de-gased 5 mM EDTA (pH 8; King and Zeevaart, 1974; Lundmark et al., 2006) . After 4 h and 8 h of exudation, soluble carbohydrates and amino acids were quantified as described below. A mean exudation rate of 30 biological replicates was calculated for the second half of each 8-h exudation period to avoid interference by a lag phase. Starch and soluble sugar dynamics during that time period were not different to those of intact shoot samples. It was shown before that exudation experiments did not influence photosynthetic rates (Brauner et al., 2014) .
Metabolite analysis
Frozen tissue samples were ground in liquid nitrogen to a fine powder. Contents of glucose, fructose and sucrose were analyzed by high-performance anion exchange chromatography, as described earlier (Brauner et al., 2014) . Starch was digested by amyloglucosidase and quantified as glucose (Brauner et al., 2014) .
The contents of malic acid, fumaric acid and citric acid were determined by anion exchange chromatography on a AS11-HC column (Dionex, Sunnyvale, CA, USA) using a gradient from 10 to 20 mM NaOH running on a DX-500 gradient chromatography system coupled to an AERS 500 suppressor and a conductivity cell (Dionex, Sunnyvale, CA, USA). Amino acids were measured by a colorimetric ninhydrin assay as described earlier (Brauner et al., 2014) . Normalization to C6 equivalent was based on Nambara et al. (1998) , where quantitative predominance of Asp, Asn, Glu, Gln, Ser, Thr and Ala is described. For these amino acids (Gln taken in double amount), an average carbon level of 3.75 was calculated, which was than scaled to 6.
Hexose phosphates (glucose-6-phosphate and fructose-6-phosphate) were extracted into 0.6 M perchloric acid and the extracts neutralized by 5 M potassium carbonate. Diluted extracts were incubated with 6.5 mM NADP+ and glucose-6-phosphate dehydrogenase (G6P-DH, 0.2 units) in the presence of phosphogluco isomerase (0.2 units) and 50 mM tricine, pH 9.0. After 20 min at 25°C, samples were incubated at 95°C with an equal volume of 0.5 M NaOH to destroy unreacted NADP+. Following neutralization, samples were incubated with 10 mM glucose-6-phosphate, 0.2 units G6P-DH and 2 mM thiazolyl blue tetrazolium salt in the presence of 50 mM tricine pH 9.0, 10 mM MgCl 2 and 10 mM EDTA to trace NADPH in a cycling assay.
Power spectral density analysis and cross-correlation of discrete data Photosynthesis was considered an oscillating system with lighton/-off as input, and biomass formation, metabolites, exudation and respiration as outputs. The input conforms to a deterministic function (a periodical signal with 16 h light-on and 8 h light-off). Output parameters were regarded as time series data defining a deterministic function that is driven by light periodicity and superimposed by random noise, i.e. biological and technical variance. Hence, an autospectral density function was used to analyse the data (Bendat and Piersol, 1993) .
Differences in the autospectral density functions of time series data obtained for different genotypes proved genotype effects for the respective process (e.g. exudation).
The spectral density function was calculated based on the Wiener Khinchin relationship as:
with f as cyclic frequency, T as observation time, E as expected value, and X as Fourier transform (Welch, 1967) . More detailed information for the estimation of time series data (periodograms) is available in SI Materials and methods. The transformation itself was based on a fast Fourier transform with:
where W (spectral window) was the mathematical function of the quantifier and L the length of each periodogram. To identify the characteristics of the processes, the time series data were normalized as the spectral density. For evaluation of the data, a Hanning window with 75% overlap was applied (Welch, 1967) . The length of each window was 128 values with a zero padding of 96 values to obtain higher frequency resolution. More detailed information of the applied zero padding and windowing is available in the SI Materials and methods. Cross-and auto-correlations were applied to time series data. Correlation functions were implemented in the time domain to analyze identical shapes of the trends for different parameters, and also to identify time delays between input and output characteristics for the respective processes (SI Materials and methods).
For auto-correlation [x(k) = y(k) with x(k) representing the mean value of biological replicates at each identical time stamp], the estimator E[c yx (k)] for a measurement with N values (Shiavi, 2007) was taken as:
E½yðnÞxðn þ kÞ
To compare the shape of the trends for two parameters irrespective of their magnitudes, the calculation was normalized. Each element of E[c yx (k)] was defined by the Pearson product-moment correlation coefficient for population (Rodgers and Nicewander, 1988) :
To identify different shapes of metabolite patterns in the genotypes, both signal-processing methods were applied. The results were compared with the results for pure deterministic functions, i.e. (asymmetric) rectangle, sinus and triangle, to illustrate specific patterns.
The estimation of power spectral density and cross-correlation were performed using the MATLAB software (version 8.3.0.532, R2014a) . Only correlations with q min < À0.9 and q max > 0.9 were regarded as significant.
Statistics
ANOVA and t-tests were performed using the MATLAB software (version 8.3.0.532, R2014a). Tukey's HSD was used as post hoc test. Significance criterion was P < 0.05.
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